All relevant data are within the paper and its Supporting Information files.

Introduction {#sec006}
============

Intervertebral disc degeneration (IDD) is an essential pathological process that causes degenerative spinal disease. The objectives of new biological therapies to treat this type of disease are to prevent or delay IDD and to promote repair, relieve symptoms, or at minimum, delay the need for surgery\[[@pone.0234747.ref001]\]. For these reasons, determining the mechanism underlying the biological and mechanical pathways that lead to IDD is essential for developing biological therapies and the study of degenerative spinal disease.

The vertebral endplate (VEP) is a structure that is located at the junction between the upper or lower vertebral bodies (VBs) and the adjacent intervertebral disc (IVD). The primary functions of the VEP are mechanical conduction and nutrient transportation to the IVD\[[@pone.0234747.ref002], [@pone.0234747.ref003]\]. In recent years, the role of the endplate in IDD, which is closely related to the nutritional supply to the IVD, has received extensive attention\[[@pone.0234747.ref004], [@pone.0234747.ref005]\]. Nguyen\[[@pone.0234747.ref006]\] showed that the VEP includes the cartilage endplate (CEP) and bony endplate (BEP), and ultrastructural research found dense capillary loops, known as vascular buds, in the BEP underneath the CEP. The number and function of these vascular buds determine the permeability of the vertebral bone-vertebral endplate-IVD interfaces\[[@pone.0234747.ref007], [@pone.0234747.ref008]\]. Moreover, studies have reported a difference in the vascular architecture between the superior and inferior VEPs\[[@pone.0234747.ref009]\], and that there are more vascular buds distributed in the cranial endplate than in the caudal endplate\[[@pone.0234747.ref010]\]. At present, it is believed that the nutritional supply to the IVD comes primarily from diffusion through the vascular buds and the endplate path in the bone marrow contact channel\[[@pone.0234747.ref005], [@pone.0234747.ref011]\]. Therefore, the vascular buds in the VEP are the structural foundation for nutrient exchange in the IVD. Studies have shown that the initiating factors of IDD are disturbances in nutrition metabolism and transport functions, which can be induced by a reduced supply of vascular buds caused by an endplate lesion under abnormal loading\[[@pone.0234747.ref012], [@pone.0234747.ref013]\]. Therefore, investigating the mechanisms underlying IVD injury and regulation is of great importance to preventing or slowing the progression of IDD.

A variety of cytokines regulate the physiological functions of VEP, and VEGF is closely related to angiogenesis in the VEP\[[@pone.0234747.ref014]\]; however, the role of VEGF in IDD remains controversial. Some studies have suggested that VEGF can increase the number of vascular buds in the VEP and delay the calcification\[[@pone.0234747.ref015]\]. However, other studies have shown that VEGF can aggravate the inflammation that marks the beginning of IDD\[[@pone.0234747.ref016]\]. Thus, determining the molecular mechanism underlying the interaction between VEGF and IDD is of significance for the treatment of related diseases. In this study, an *ex vivo* cultured rabbit motion segment was used to observe the effects of constant compressive load on vascular buds and VEGF expression in the vertebral endplate, and to establish the relationship between IDD and VEGF.

Unlike the *in vivo* models, which lack both close control and easy monitoring of complex metabolisms and signalling cascades, *ex vivo* culturing systems are very appealing. These systems allow for better control of the underlying biochemical and biomechanical factors\[[@pone.0234747.ref017]\]. *Ex vivo* organ models offer an experimental basis to observe the responses and changes in IVD tissues to specific external stimuli\[[@pone.0234747.ref018]--[@pone.0234747.ref022]\], such as mechanical loads\[[@pone.0234747.ref023], [@pone.0234747.ref024]\] or biologics\[[@pone.0234747.ref025], [@pone.0234747.ref026]\]. Studies have shown that compared with large animal IVDs, the surface ratio of discs in small animals is suitable for the diffusion of nutrients and metabolites\[[@pone.0234747.ref027]--[@pone.0234747.ref029]\]; thus, this model is more suitable for the observation of long-term intervention on degenerative discs *ex vivo*. Relevant study indicators showed that IVDs from the New Zealand rabbit were more stable in *ex vivo* culture for biomechanics research than other IVDs. Accordingly, we speculate that IDD is related to vascular bud injury in the VEP caused by an abnormal load, which results in the dysfunction of nutrition and metabolism of IVD, and VEGF within the VEP is involved in this process. We use the rabbit motion segment as an ex vivo model in the current mechanobiological study.

Materials and methods {#sec007}
=====================

1.1 Animals and tissue samples {#sec008}
------------------------------

All experimental procedures were conducted following the institutional guidelines for the care and use of laboratory animals of the China Academy of Chinese Medical Sciences, Beijing, China. The experimental animals included 112 eighteen-week-old (3.0 kg) male New Zealand White rabbits. These animals were used in accordance with protocols approved by the animal ethics committee of the Institute of Basic Theory for Chinese Medicine, China Academy of Chinese Medical Sciences (Approval No. 20180406). The animals were anaesthetized with pentobarbital (100 mg/kg). Five minutes before death, 25,000 IU heparin was administered through the ear vein, and the lumbar spine was harvested under sterile conditions immediately after euthanasia via CO~2~ asphyxiation.

1.2 Method {#sec009}
----------

### 1.2.1 Sampling and culture {#sec010}

Based on the initial sampling method\[[@pone.0234747.ref030]\], soft tissues and posterior elements of the spine were removed, and only one motion segment (L4/5) per rabbit was used for testing. These segments consisted of the entire disc organ, including the vertebral endplates (VEP), annulus fibrous (AF), and nucleus pulposus (NP) with adjacent vertebral bodies (VB).

All samples were placed in a custom-made apparatus for the spinal motion segment that we developed ([S1 Fig](#pone.0234747.s001){ref-type="supplementary-material"}); a total of 48 IVD motion segments were maintained in the apparatuses without loading (controls). The other 48 samples were kept in the apparatuses under a constant compressive load (0.5 MPa). Sixteen fresh samples were used for evaluation. All apparatuses were maintained in an incubator under standard culture conditions (37°C, 5% CO~2~).

The specimens were maintained in Dulbecco's Modified Eagle's medium (DMEM) supplemented with 20% fetal bovine serum (FBS; Invitrogen Life Technologies, Carlsbad, CA, USA), 50 mg/mL L-ascorbate, 100 U/mL penicillin, 100 mg/mL streptomycin, and 2.5 mg/mL Fungizone. NaCl was added to the DMEM to raise the osmolarity to 410 mOsm/kg\[[@pone.0234747.ref015]\]. The media were changed every two days. On the day before culturing (Fresh) and on days 3, 7, and 14 in culture, the motion segment was used for morphological and immunohistochemical evaluation, and the cranial VEP were used for ELISA, Western blotting and Real-time PCR. The dissection procedure of cranial VEP was as follows. First, the motion segment was horizontally incised through the disc (L4/5), the annulus fibrosus was cut with a blade, and the nucleus pulposus were excised using a micro curette. Then the VEP was reserved by removing the VB from the BEP under a microscope. See [S2 Fig](#pone.0234747.s002){ref-type="supplementary-material"} for a schematic of the procedure.

### 1.2.2 Loading and culturing apparatuses used with the intervertebral disc motion segments {#sec011}

The apparatuses were designed for *ex vivo* culturing of IVD motion segments while simultaneously providing static axial compression. Each apparatus had two components: a loading frame and a culture chamber.

The loading frame provided a static load via weights on a mobile loading plate that could be moved along the optical axis. Because compression can cause the IVDs to change slightly in height, the mobile weight ensured that the full load would be applied to the specimen consistently. A gland was fixed to the bottom of the loading plate, through which the weight was applied to the model. A gland also covered the top of the chamber to ensure that the culture environment was closed ([S3 Fig](#pone.0234747.s003){ref-type="supplementary-material"}).

A disposable silicone tube was inserted into the bottom of the culture chamber. The tube functioned as an outlet through which the medium could be changed; the other end of the tube was plugged. The medium was changed with a syringe, and the manipulations were performed on an aseptic operation table. The tubing and needle were changed with each use to ensure sterility ([S3 Fig](#pone.0234747.s003){ref-type="supplementary-material"}).

Based on the characteristics of the spinal motion segment, the device was arranged on the top and base pedestals. Three jackscrews were inserted through the pedestal to fix one side of the VBs, allowing the motion segment to remain in an upright state so that the compression was always vertically loaded on the surfaces of the IVDs ([S3 Fig](#pone.0234747.s003){ref-type="supplementary-material"}).

All of the components of the device could be removed individually, and the materials were resistant to deformation and decomposition by disinfection treatments (e.g., high temperature and high pressure). The whole apparatus was small enough that multiple loading stations could be placed in the incubator at the same time ([S1 Fig](#pone.0234747.s001){ref-type="supplementary-material"}; patent number: ZL 201410513493.9).

In the previous experiment, the apparatuses were used to compare the effect of different loads (50 N, 100 N, 300 N, 500 N) on the NP of the rabbit IVD motion segment in organ culture\[[@pone.0234747.ref031]\]. The results showed that the internal pressure of the IVD was 0.55±0.12 Mpa under 300 N, and the levels of proteoglycan and collagen in NP decreased significantly under the constant static compression of this pressure load. However, we found that the static compression stimulated the synthesis of ECM within a brief period, and the activity and metabolic ability of NP can be maintained for 14 days\[[@pone.0234747.ref032]\]. In this study, we used a constant static compression under 300 N as the load.

### 1.2.3 Evaluation of vertebral endplate morphology {#sec012}

The motion segments (n = 4) were taken from each group at each time point and were fixed in 10% formalin overnight. Decalcification in 19% EDTA up to 21 days was followed by the standard tissue processing method before paraffin embedding\[[@pone.0234747.ref030], [@pone.0234747.ref033]\]. Midsagittal sections were made at 5 μm intervals for hematoxylin and eosin staining (H&E staining). Histomorphological changes of IVD with cranial VEPs were evaluated after the slides were mounted.

### 1.2.4 Enzyme-linked immunosorbent assay (ELISA) {#sec013}

The VEPs (n = 4 per group of per time point) were collected and washed with PBS and then shredded, homogenized, centrifuged at 3,000 r/min for 10 min at 4°C. The supernatant (1 mL) was transferred to a sample tube. According to instructions in the ELISA kit (Sigma, St. Louis, MO, USA, RAB0509), the standard was diluted in the dilution buffer at established ratios and mixed thoroughly. The wells of the ELISA plate were sequentially numbered and coated with 100 μl of capture antibody. Then, 50 μl of standard solution or sample was added to the designated wells, mixed thoroughly, and covered for incubation at room temperature for 2 h. The solution in each well was subsequently discarded, and each well was washed four times with washing buffer. Next, 200 μl of the corresponding enzyme-linked secondary antibody was added to each well, and the mixture was covered and incubated for 2 h at room temperature. The solution in each well was discarded, and each well was washed four times with washing buffer. Then, 200 μl of the chromogenic substrate was added to each well in the dark, and the solution was mixed and incubated for 30 min, after which 50 μl of stop solution was added and mixed. The absorbance value D of each well was measured using a microplate reader at 550 nm within 30 min after adding the stop solution. The samples were run in triplicate to ensure reproducibility of the results, and a standard curve was plotted to calculate the content of VEGFA and VEGFR2.

### 1.2.5 Western blotting {#sec014}

The VEPs (n = 4 per group of per time point) were collected. An appropriate amount of lysis buffer was added, and each sample and was homogenized until fully cracked. After the lysate was centrifuged at 12,000 rpm/min for 15 min, all the protein solution in the upper layer was aspirated. The protein concentration was determined using the BCA method. The protein lysate was equally aliquoted and then mixed with loading buffer, boiled, and denatured for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The following steps were then performed: membrane transfer, 5% BSA blocking for 1 h, overnight incubation with the corresponding VEGFA antibody (Abcam, Cambridge, UK, AB32152, diluted 1:1,000), Tris-buffered Saline and Tween (TBST) wash, incubation with secondary antibody (Abcam, Cambridge, UK, AB205718, diluted 1:2,000) for 1 h, TBST wash and incubation with an ECL reagent to detect the level of protein expression. Grey values were determined using a computer-assisted image analyzer.

### 1.2.6 Real-time PCR {#sec015}

The VEPs (n = 4 per group) were collected at each time point. Trizol reagent (Invitrogen Life Technologies, Carlsbad, CA, US) was used following the manufacturer's instructions. The mixtures were placed on ice for sonication at 30% amplitude. Each sample was sonicated for 3 s and then paused for 2 s for a total sonication time of approximately 30 s. Subsequently, chloroform, isopropanol, and alcohol were added one by one to the samples for total RNA extraction. The RNA concentration was then determined. Total RNA was reverse-transcribed into cDNA using a reverse transcription (RT) kit. PCR amplification was performed using the first-strand cDNA as the template. The PCR reaction conditions were as follows: pre-denaturation at 94°C for 5 min, followed by 32 cycles of denaturation at 94°C for 20 s, annealing at 58°C for 20 s, and extension at 72°C for 20 s, followed by a final extension at 72°C for 10 min. The PCR products were separated with agarose gel electrophoresis. Primers for the rabbit GAPDH and VEGFA genes were custom designed using Primer 5.0 software (Applied Biosystems, Foster City, CA, USA) \[[Table 1](#pone.0234747.t001){ref-type="table"}\]. Grey values and relative intensity were determined and calculated using a gel imaging system.
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###### Details of the primers for the target and reference genes used in quantitative real-time PCR.

![](pone.0234747.t001){#pone.0234747.t001g}

  Gene                    Primers                        Primer Sequence
  ----------------------- ------------------------------ -----------------------------
  ***GAPDH***             tuzi-GAPDH-F (5′--3′)          `GCTGAGAATCTGCCCCTCTT`
  tuzi-GAPDH-R (5′--3′)   `TTTCATGACAAGGTAGGGCTCC`       
  ***Tu-VEGFA***          Tu-VEGFA-F (5′--3′)            `CCTTCACCTACTGTCATCTGCTTCC`
  Tu-VEGFA-R (5′--3′)     `GCTACTACTTCGTCCACTCTTCTTCC`   

***GAPDH*:** glyceraldehyde-3-phosphate dehydrogenase; ***VEGFA***: vascular endothelial growth factor; F: Forward; R: Reverse.

### 1.2.7 Immunohistochemistry {#sec016}

The sagittal sections (n = 4 per group) at each time point were dewaxed, hydrated, and washed using routine methods\[[@pone.0234747.ref034], [@pone.0234747.ref035]\]. Immunohistochemistry was performed for MVD, Aggrecan, COL2a1, and VEGFA of the vertebral endplate. Antigen retrieval was performed using a heat-induced antigen retrieval protocol. The sections were blocked with normal goat serum for 5 min. The disc sections were incubated with primary antibodies against CD34 (GeneTex, Irvine, CA, USA, GTX28158, diluted 1:500), Aggrecan (Novus, NB120-11570, diluted 1:200), collagen Type II alpha 1 (Abcam, ab34712, diluted 1:200), and VEGFA (Abcam, Cambridge, UK, AB32152, diluted 1:250) overnight at 4°C. This was followed by incubation with corresponding HRP-conjugated secondary antibodies for 50 min at 37°C. The tissue sections were developed with 3,3\'-diaminobenzidine(DAB) and were lightly counterstained with hematoxylin, dehydrated, and mounted onto slides. Negative controls were incubated in nonimmune rabbit or mouse serum replaced the primary antibody and were processed in the same way as the experimental sections.

The vascular buds were statistically counted using the microvessel density (MVD) method described by Weidner\[[@pone.0234747.ref036]\]. Briefly, the number of microvessels in high fields was determined, and the number of microvessels in five fields was recorded. All single endothelial cells and endothelial cell clusters stained brown were taken as one vessel, and the mean value was taken as the MVD of the section. Specifically, the five densest fields of microvessels at the certain depth\[[@pone.0234747.ref037]\] underneath the endplate were identified with low field scanning first, and then the stained microvessels were counted in the range of high field. The mean number of microvessels in the section was taken as the mean of the five field counts, and the mean number of microvessels in each section was taken as the number of microvessels for that specimen.

Semi quantification of immunopositivity was also calculated for Agg, COL2a1, and VEGFA. Briefly, the staining of images was obtained under an optical microscope (Nikon TE2000). Five randomly selected brown-yellow staining regions of interest (ROI) in each image were captured for analysis with Image-Pro Plus 6.0 software (Media Cybernetics Inc, Bethesda Maryland, USA) to measure the sum of integrated optical density (IOD), using the method introduced by Xavier\[[@pone.0234747.ref038]\]. The optical density was calibrated, and the image was converted to a grayscale image; the values were counted.

### 1.2.8 Statistical methods {#sec017}

All data are represented as the mean values (s) ± standard deviation (s) of individual analysis. The difference between control and static load groups at each time point was calculated using the unpaired student's *t*-test. The data collected at different time points in the same group were assessed for normality and equal variances, after which two-way ANOVA and Tukey's posthoc tests were performed. The data were analyzed with SPSS software (version 16.0, IBM, Chicago, IL, USA). Statistical significance was set at P \< 0.05.

Results {#sec018}
=======

2.1 Histomorphological characteristics of the degenerating IVDs {#sec019}
---------------------------------------------------------------

As shown by H&E staining, the IVDs were structurally intact in the fresh sample, the nucleus pulposus (NP) was tightly organized with the vertebral endplate (VEP), and there were abundant cells in the VEP matrix. The cells were large and tightly aligned, and they contained many neatly arranged collagen fibre bundles. In addition, vascular buds were visible in the cranial VEPs ([Fig 1A](#pone.0234747.g001){ref-type="fig"}). After one week of culture, the integrity of the IVDs in the control group was still maintained, although the cells and the matrix were lightly stained in the VEP ([Fig 1C](#pone.0234747.g001){ref-type="fig"}). Under the static load, the integrity of the tissue was maintained for three days ([Fig 1E](#pone.0234747.g001){ref-type="fig"}). After culturing for seven days, the separation of the IVDs integrity appeared and the cells gradually dispersed, with a decreased number and reduced size. The vascular buds were significantly fewer. The cytoplasm and nuclei of the remaining cells were smaller than those of the normal cells, and they also had a disorderly arrangement of collagen fibres. In addition, the VEP matrix was lightly stained ([Fig 1F](#pone.0234747.g001){ref-type="fig"}). Culturing for two weeks led to the loss of the tight architecture of the IVDs in the two groups ([Fig 1D--1G](#pone.0234747.g001){ref-type="fig"}), and there were significantly fewer vascular buds; however, these changes were more readily visible under constant compression than unloaded conditions.

![H&E staining of the sagittal sections of IVD in the control and pressure groups.\
(a) Fresh tissue; (b, c, and d) tissue histological observations of organ controls on days 3, 7, and 14; (e, f, and g) histological observations of tissues under static load on days 3, 7, and 14. Fresh samples show that the structure of the VEP was intact (a, arrowhead). After one week of culture, the integrity of the IVDs in the control group was good; however,r under constant compression, the separation of IVDs integrity appeared (f, arrowhead), and the matrix was lightly stained. In the two groups, culturing for two weeks led to the loss of the tight architecture of the IVDs (d and g, arrowheads); these changes were more obvious under constant compression than in the controls. **IVD:** intervertebral disc; **NP:** nucleus pulposus; **VEP:** vertebral Endplate.](pone.0234747.g001){#pone.0234747.g001}

2.2 The concentration of VEGFA and VEGFR2 in the vertebral endplates {#sec020}
--------------------------------------------------------------------

The concentration of VEGFA in the cranial VEPs tissues was determined by ELISA for each group at each time point. As shown in [Fig 2](#pone.0234747.g002){ref-type="fig"}, the VEGFA concentration in the vertebral endplate tissues was decreased in controls compared to the fresh tissue samples, and the concentration continued to decrease after one week of culture. There was no significant difference between the samples that were cultured for one week and two weeks. Under static load, the VEGFA concentration was decreased at three days compared with the fresh samples, but there was no significant difference when compared with the controls. After one week of culture, the VEGFA concentration decreased and was significantly different from the controls. The concentration of VEGFA was further reduced after two weeks of culture.

![The concentrations of VEGFA secreted from the vertebral endplate during organ culture (ng/L, n = 4, x ± s).\
(**\****P*\<0.05 vs Controls; ***\#*** *P* \< 0.05 vs Fresh; △*P* \< 0.05 vs Day 3; ▲*P* \< 0.05 vs Day 7).](pone.0234747.g002){#pone.0234747.g002}

As shown in [Fig 3](#pone.0234747.g003){ref-type="fig"}, the concentration of VEGFR2 was decreased in the two groups after culture compared with the samples before culture. The concentration of VEGFR2 was significantly decreased in the pressure group compared to the control group. There was no significant change in the VEGFR2 concentration in the control group within one week of culture, but the concentration was significantly decreased during the second week of culture. In the pressure group, the VEGFA concentration in the samples was significantly lower after seven days of culture than on day three. There was no significant difference after one week of culture.

![The concentrations of VEGFR2 secreted from the vertebral endplate during organ culture (ng/L, n = 4, x ± s).\
(**\****P*\<0.05 vs Controls; ***\#*** *P*\<0.05 vs Fresh; △*P*\<0.05 vs Day 3; ▲*P*\<0.05 vs Day 7).](pone.0234747.g003){#pone.0234747.g003}

2.3 Detection of VEGFA expression in the vertebral endplates by Western blot {#sec021}
----------------------------------------------------------------------------

As shown in [Fig 4](#pone.0234747.g004){ref-type="fig"}, the Western blot results showed that the constant compressive load caused a significant decrease in the VEGFA expression level in the vertebral endplates compared with the fresh samples and the controls. With the prolongation of culture, the expression gradually decreased and was significantly different from that of the controls during the culture period.

![VEGFA protein expression level in the vertebral endplates was determined using Western blot analysis (n = 4).\
(**\***P\<0.05 vs Controls; **\#** P\<0.05 vs Fresh; △P\<0.05 vs Day 3; ▲P\<0.05 vs Day 7).](pone.0234747.g004){#pone.0234747.g004}

2.4 Detection of VEGFA expression in the vertebral endplates by real-time PCR {#sec022}
-----------------------------------------------------------------------------

RT-PCR was performed to detect the expression of the VEGFA gene (S1 and S2 Supporting Information). As shown in [Fig 5](#pone.0234747.g005){ref-type="fig"}, compared with the fresh samples, the expression of VEGFA was not significantly decreased in the controls at day three of culture. At day seven, the VEGFA expression level was lower than that in the fresh samples. There was no difference in expression level between day 14 and day seven, but both differed significantly from levels recorded on day three. The VEGFA expression was significantly decreased under the compressive load on day three. After seven days of culture, the expression decreased further, but there was no significant difference between day seven and day 14. At each time point, the expression levels of VEGFA under the constant compressive load were all significantly different from those of the controls.

![VEGFA gene expression quantified by real-time PCR during organ culture (n = 4).\
(**\***P\<0.05 vs Controls; **\#** P\<0.05 vs Fresh; △P\<0.05 vs Day 3).](pone.0234747.g005){#pone.0234747.g005}

2.5 Number of vascular buds in the vertebral endplates {#sec023}
------------------------------------------------------

Compared with the fresh samples ([Fig 6A](#pone.0234747.g006){ref-type="fig"}), the number of vascular buds in the cranial VEPs in the controls was not significantly decreased after three days of culture ([Fig 6B](#pone.0234747.g006){ref-type="fig"}), and the density of the vascular buds was slightly reduced after one week of culture ([Fig 6C](#pone.0234747.g006){ref-type="fig"}). There were significantly fewer vascular buds in the VEPs after three days of culture under the constant compression compared to the fresh samples ([Fig 6E](#pone.0234747.g006){ref-type="fig"}); this difference became more pronounced after one week ([Fig 6F](#pone.0234747.g006){ref-type="fig"}). The constant compressive load condition was associated with significantly fewer vascular buds than in the nonloaded control group at each point in time during the culture.

![Numbers of vascular buds in vertebral endplates of the two groups (n = 4).\
(a) Fresh tissue; (N) Negative control; (b, c, and d) Controls on days 3, 7, and 14, respectively; (e, f, and g) Under constant compression on days 3, 7, and 14, respectively. NP = nucleus pulposus, VEP = vertebral endplate, C = cartilage, V = vascular buds. (**\***P\<0.05 vs Controls; **\#** P\<0.05 vs Fresh; △P\<0.05 vs Day 3; ▲P\<0.05 vs Day 7).](pone.0234747.g006){#pone.0234747.g006}

2.6 Detection in the vertebral endplates by immunohistochemistry {#sec024}
----------------------------------------------------------------

### COL2a1 {#sec025}

The staining intensity of collagen Type II alpha 1 in the cartilage of VEPs showed that there was no significant difference between the two groups with fresh tissues during the initial three days ([Fig 7A, 7B and 7E](#pone.0234747.g007){ref-type="fig"}). However, after seven days of culture, the staining was reduced in both groups ([Fig 7C and 7D](#pone.0234747.g007){ref-type="fig"}), and the samples under the static load decreased more significantly compared with the controls. By day 14, the staining was further decreased and significantly different from that observed in the controls ([Fig 7D--7G](#pone.0234747.g007){ref-type="fig"}).

![Immunohistochemical staining of COL2a1 in the vertebral endplate (n = 4).\
(a) Fresh tissue; (N) Negative control; (b, c, and d) Controls on days 3, 7, and 14, respectively; (e, f, and g) Under constant compression on days 3, 7, and 14, respectively. The intensity in the cartilage of VEPs showed no significant difference between the two groups with fresh tissues during the first three days. However, after seven days of culture, the staining was visibly reduced in both groups, and the samples under constant compression showed more pronounced decreases than the controls (c and f, arrowhead). By day 14, the staining had decreased further (d and g, arrowhead). VEP = vertebral endplate. (**\***P\<0.05 vs Controls; **\#** P\<0.05 vs Fresh; △P\<0.05 vs Day 3; ▲P\<0.05 vs Day 7).](pone.0234747.g007){#pone.0234747.g007}

### Agg {#sec026}

The aggrecan staining in the cartilage of VEPs was significantly lighter under the static load condition than that of controls and fresh samples ([Fig 8](#pone.0234747.g008){ref-type="fig"}). Moreover, there was a significant difference between the two groups. After one week of culture, the staining intensity in both groups was visibly lower than in fresh samples, and the staining decreased to a greater extent in the pressure group compared to the control group. After two weeks of culture, the staining lightened further in controls, but there was no significant decrease in intensity in the pressure group over seven days. There were still differences between the two groups.

![Immunohistochemical staining of Agg in the vertebral endplate (n = 4).\
(a) Fresh tissue; (N) Negative control; (b, c, and d) Controls at days 3, 7, and 14, respectively; (e, f, and g) Under constant compression at days 3, 7, and 14, respectively. The staining intensity in the cartilage of VEPs was significantly lighter in the pressure group than the controls and fresh samples on day three. After one week of culture, the staining intensity in the two groups was markedly lower than in fresh samples. After two weeks of culture, the staining intensity was lightened further in both groups. VEP = vertebral endplate. (\*P\<0.05 vs Controls; **\#** P\<0.05 vs Fresh; △P\<0.05 vs Day 3; ▲P\<0.05 vs Day 7).](pone.0234747.g008){#pone.0234747.g008}

### VEGFA {#sec027}

Before culture, anti-VEGFA immunohistochemistry in the cartilage of VEPs showed that the extracellular matrix was stained brown-yellow and had a dark color ([Fig 9](#pone.0234747.g009){ref-type="fig"}); the staining of the tissue was less intense than that of the fresh samples after three days of culture under the compressive load. However, there was no significant difference in staining compared with the controls. After one week of culture, the staining intensity was reduced, and there were significant differences when compared with the controls. After two weeks of culture, the staining intensity was lightened further, and there were still differences between the two groups.

![Immunohistochemical staining of VEGFA in the vertebral endplate (n = 4).\
(a) Fresh tissue; (N) Negative control; (b, c, and d) Controls at days 3, 7, and 14, respectively; (e, f, and g) Under constant compression at days 3, 7, and 14, respectively. The extracellular matrix in the cartilage of VEPs was stained brown-yellow in fresh tissue. The staining was slightly reduced in two groups, but there was no significant difference between them; however, the staining was reduced after seven days for both groups, and the samples under constant compression were significantly different from the controls. After two weeks, the staining of the matrix became lighter in the control group and noticeably lighter in the pressure group. VEP = vertebral endplate. (**\***P\<0.05 vs Controls; **\#** P\<0.05 vs Fresh; △P\<0.05 vs Day 3; ▲P\<0.05 vs Day 7).](pone.0234747.g009){#pone.0234747.g009}

Discussion {#sec028}
==========

We used an *ex vivo* rabbit IVD model to study constant compressive loading and its effects on cranial vertebral endplate (VEP) vascularity and degradation. Results of HE, ELISA, Western blot, RT-PCR, and immunohistochemistry assays showed that the integrity of the morphology of the VEPs was gradually destroyed, and the levels of proteoglycan and collagen II decreased significantly. During the disc degeneration process, which was caused by constant compression, the number of vascular buds in the VEPs gradually decreased from the early stage of culture (3 d). The expression of VEGFA and its receptor in the VEPs also decreased. These results suggest a correlation between vascular bud lesions and decreases in VEGFA expression in the presence of IDD induced by constant compression.

Mechanical load is the main function of the IVD, and abnormal load is an important initiator of IDD\[[@pone.0234747.ref039], [@pone.0234747.ref040]\], whereas static load is a typical type of abnormal loading for IVD tissues\[[@pone.0234747.ref041]\]. Previously, we observed the effects of constant compression on the nucleus pulposus tissue. The results showed that a short-term compression is good for preventing the expansion of IVD tissues and maintaining cell viability, but that a constant static load will gradually inhibit the metabolic activities of the nucleus pulposus cells, leading to significant degeneration of the nucleus pulposus\[[@pone.0234747.ref032]\]. When the spine is under abnormal loading, the proteoglycan content in the VEP will change, promoting its calcification and reducing its elasticity, in addition to weakening the abilities of the spine to absorb shock and evenly transmit weight\[[@pone.0234747.ref042]\]. Furthermore, the accumulation of metabolites in the IVD can activate catabolic enzymes, causing matrix destruction, cellular metabolic disorders, and cell death\[[@pone.0234747.ref043], [@pone.0234747.ref044]\]. Relevant studies\[[@pone.0234747.ref011]--[@pone.0234747.ref013]\] have also confirmed that an abnormal load can slow the blood flow inside the bony endplate and lead to blood stasis, thereby causing injury to vascular endothelial cells and thrombosis. These changes result in a progressive reduction in the distribution of vascular buds within the VEP and trigger nutritional disorders in the IVD. However, there has been no in-depth study of the mechanism underlying vascular bud lesions caused by an abnormal load.

Studies have shown that VEGF is closely related to vascularization inside the IVD\[[@pone.0234747.ref016], [@pone.0234747.ref020], [@pone.0234747.ref033]\]. VEGF promotes angiogenesis, endothelial cell proliferation, and migration, and also enhances vascular permeability\[[@pone.0234747.ref045]\]. In the clinic, Wang and Xu *et al*.\[[@pone.0234747.ref015], [@pone.0234747.ref046]\] found that VEGF expression is present in normal human endplates and is significantly higher than the expression in the degenerative endplates. Moreover, Xu\[[@pone.0234747.ref047]\] constructed a pcDNA3.1-VEGFA165 plasmid and directly injected it into rabbits with degenerative IVD, suggesting that VEGF can increase the number and diameter of vascular buds and delay the calcification of VEPs and IDD. There are various types of cells in the VEP\[[@pone.0234747.ref048]\], and chondrocytes are the major cell type in endplates. Studies\[[@pone.0234747.ref049], [@pone.0234747.ref050]\] have shown that chondrocytes could improve the cartilage tissue degeneration by paracrine VEGF. Therefore, the VEGF secreted by these chondrocytes in VEP may also be related to vascular bud function in the endplate and endplate degeneration. The above in-vivo studies showed IDD to be related to abnormal load and the changes in VEGF of the endplate, and that the mechanical load can regulate the expression of VEGF in various cell types *in vivo*\[[@pone.0234747.ref051]\]. However, the effect of an abnormal load on VEGF in the VEP is not apparent. For these reasons, we used VEGFA expression to explore the molecular mechanism underlying vascular bud injury in the VEP caused by a constant compressive load.

To achieve our objectives, we used an *ex vivo* culture model. Based on the *ex vivo* abnormal loading model, the whole IVD organ, together with the vertebral bodies (VBs), was used for the *ex vivo* whole-organ culture, thus retaining the important inter-cellular and matrix-matrix interactions inside the IVD. As such, this *ex vivo* model is similar to *in vitro* intervertebral disc organ culture models without endplate and VBs\[[@pone.0234747.ref019], [@pone.0234747.ref022], [@pone.0234747.ref052]\]. Additionally, because the *in vivo* mechanical environment is complex, the load parameters cannot be controlled entirely. In this *ex vivo* model, the weight can be simply applied to IVDs\[[@pone.0234747.ref053]\]; thus, this model is more suitable for observation of the influence of specific mechanical factors on IVD than other models\[[@pone.0234747.ref023], [@pone.0234747.ref024], [@pone.0234747.ref054]\]. Unlike in large animals, IDD progresses rapidly in small animals\[[@pone.0234747.ref053], [@pone.0234747.ref055]\], making them more adequate to the study of the cellular metabolic function of IVD. The surface ratio and diffusion distance of the rabbit IVD attached to the endplate surface are suitable for the exchange of nutrients and metabolites\[[@pone.0234747.ref037]\]. Accordingly, the rabbit spinal motion segment was selected as a model in the current mechanobiological study covering the nutrient transmission function of the endplate. Our study results suggest that VEGFA is involved in the process of abnormal load-induced IDD and that vascular bud lesions are related to a decreased expression of VEGFA.

The current study has several limitations that require discussion. First, the constant compressive load resulted in a lack of fluid flow in this model. *In vivo* studies have shown a clear correlation between VEGF expression and blood flow\[[@pone.0234747.ref056]--[@pone.0234747.ref058]\]. However, it is not clear whether the VEGF expression decrease in this study is directly caused by a static load or due to the lack of fluid flow in the static mechanical state. Related *in vivo* and *ex vivo* studies\[[@pone.0234747.ref023], [@pone.0234747.ref024], [@pone.0234747.ref059], [@pone.0234747.ref060]\] have shown that dynamic axial loading can promote the infiltration of the endplate, enhance the transport of internal nutrients and metabolites, and maintain the biosynthetic activity of the IVD. In another study, VEGF and a periodic compressive load were found to promote vessel growth in the cartilage and accelerate tissue repair\[[@pone.0234747.ref061], [@pone.0234747.ref062]\]. We speculate that dynamic loading is also related to the regulation of the expression of VEGF and improving the condition of vascular buds in the VEPs. In future work, we plan to study the effect of dynamic loading on VEGF in the *ex vivo* model to establish the relationship between fluid flow and VEGF expression. To further establish the relationship between the VEGF and IDD in the static load state, we plan to add to the culture medium biologically active reagents, such as VEGFA inhibitors and activators, to observe changes in IDD. We hope to provide new therapeutic targets and strategies for the effective prevention and treatment of IDD from the perspective of mechanics and nutrition supply using the mechanistic techniques described above.

Second, other studies have shown that VEGF can be detected in both clinical cases\[[@pone.0234747.ref016]\] and animal models\[[@pone.0234747.ref047]\] of IDD, and is positively correlated with the level of vascular invasion and the extent of degeneration. Therefore, some researchers believe that high VEGF expression in the IVD marks the beginning of IDD and can promote and induce IDD\[[@pone.0234747.ref063]\]. However, the above studies chose nucleus pulposus tissue as the research object. When the nucleus pulposus protrudes into the vertebral body or the endplate degenerates and loses its protective function, the nucleus pulposus is in direct contact with blood vessels. Although this contact increases the substance exchange rate, blood vessels may grow into the nucleus pulposus and aggravate inflammation and pain symptoms because of the effects of VEGF\[[@pone.0234747.ref064]\]. Therefore, high VEGF expression in the nucleus pulposus tissue often indicates the occurrence of inflammation and degeneration. However, if the endplate is used as the research object, regulating the VEGFA expression in the endplate chondrocytes may improve the conditions of the lesions to the vascular buds in the VEPs, thereby enhancing the nutritional supply function in IVD and thus playing a role in delaying IDD. At present, the details of the mechanism underlying the functions of VEGF in IDD remain unclear. The relevant factors affecting the cells of VEP have complex interrelationships in the IVD microenvironment of the endplate-nucleus pulposus, and VEGF may be one of the key points of action\[[@pone.0234747.ref047], [@pone.0234747.ref065]\]. We will continue to study the mechanisms of VEGF activation, as they are closely related to vascular bud regulation. We will also study the relationship between VEGF and other cytokines.

Third, the *ex vivo* model used here has several limitations. In addition to the mechanical load, the conditions of oxygen, glucose, pH, osmotic pressure, growth factors, and other factors in the culture system can affect the cell phenotype and metabolism in an *ex vivo* culture model, and the determination of a narrow optimum range for each of these parameters requires a large number of experiments. Furthermore, notochord cells persisted in the rabbit IVD, and these may have promoted the proliferation of pulposus cells in the nucleus and the synthesis of the extracellular matrix such as proteoglycans\[[@pone.0234747.ref066]\]. However, Guehring\[[@pone.0234747.ref067], [@pone.0234747.ref068]\] found signs of decreased endplate cellularity and increased endplate sclerosis and fibrosis after loading in an *in vivo* rabbit IDD model. These experiments show that notochord cells were less resistant to mechanical stress caused by limited nutrition through structurally altered endplates after increased intradiscal pressure. The underlying influence of notochord cells on the IVD under abnormal load conditions is not fully understood. We used the same *ex vivo* degenerative model as in a previous study\[[@pone.0234747.ref032]\]. Results showed that a static load could stimulate the synthesis of type II collagen in the nucleus pulposus matrix during the first three days, but there was no such phenomenon in the VEP matrix in this experiment. Whether this observation is related to the intolerance of notochord cells to the load needs further study. Moreover, the effect of VBs on the viability and function of IVD should be addressed. Some researchers\[[@pone.0234747.ref052], [@pone.0234747.ref069]\] have argued that the VB can prevent nutrients from diffusing from the VEP to the inside of the disc, resulting in significant IDD during culture in the *ex vivo* model. However, studies reported by Lim\[[@pone.0234747.ref070]\] and Seol\[[@pone.0234747.ref071]\] used *in vitro* cultured small animal spinal motion segments showed that even retained VBs did not affect the diffusion of nutrients. By observing the diffusion of nutrients, Dong Wang\[[@pone.0234747.ref028]\] concluded that VBs were preserved in small animals, and the viability of IVD can be maintained because of the small distance required for diffusion of nutrients into the disc. Lee\[[@pone.0234747.ref021]\] also maintained that the surface ratios of IVDs from rats and rabbits are smaller than those of humans, so the diffusional limitation in culturing large IVDs as humans and cattle would be minimized in studies performed in rats and rabbits. We share the view of Lim\[[@pone.0234747.ref070]\], in that the *ex vivo* culture of spinal motion segments provides a physical environment relatively similar to that of a living animal, and the adjacent VBs facilitated the use and control of mechanical loads. In this way, the rabbit spinal motion segment is useful for assessing the influence of specific mechanical factors on IVD.

In conclusion, constant compression caused degeneration of the vertebral endplate and decreased vascular buds in the endplate, thereby accelerating disc degeneration; VEGFA is involved in this process. We anticipate that regulating the expression of VEGFA may improve the condition of the lesions to the vascular buds in the VEPs, thus enhancing the nutritional supply function in IVD and providing new therapeutic targets and strategies for the effective prevention and treatment of IDD.
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###### View of the specimen culturing conditions.

The specimens were maintained in custom-made apparatuses without loading or under a constant compressive load (a); the apparatuses were situated inside a 37°C incubator with 5% CO~2~ and 100% humidity (b).

(TIF)

###### 

Click here for additional data file.

###### Dissection procedure of the cranial vertebral endplate.

VB: vertebral bone, AF: annulus fibrosus, NP: nucleus pulposus, VEP: vertebral endplate, BEP: bony endplate, CEP: cartilage endplate.

(TIF)

###### 

Click here for additional data file.

###### Loading and organ culturing apparatuses for the rabbit IVD motion segments (diagrammatic sketch).

1\. Weight; 2. Loading plate; 3. Gland; 4. Optical axis; 5. Chamber; 6. Chamber fixed base; 7. Outlet; 8. Top pedestal; 9. Fluid level observation hole; 10. IVD motion segments; 11. Base pedestal; 12. Jackscrews.

(TIF)

###### 

Click here for additional data file.
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